Acid-and aluminum (Al)-tolerant microorganisms were isolated from tea fields, from which six strains were selected and identified as Cryptococcus humicola, Rhodotorula glutinis, Aspergillus flavus Link, Penicillium sp., Penicillium janthinellum Biourge and Trichoderma asperellum. They were tolerant to Al up to 100^200 mM and could grow at low pH, 2.5^2.2. In a glucose medium (pH 3.5) the pH of the spent medium decreased to below 3.0. The toxic inorganic monomeric Al in the spent medium decreased with three strains (A. flavus F-6b, Penicillium sp. F-8b and P. janthinellum F-13), but the total Al remained constant for all strains. In a soil extract medium (pH 3.5), the pH of the spent medium of all strains increased to around 6.0^7.2 and total Al in the spent medium was removed by precipitation due to pH increase. Thus, different tolerance mechanisms were suggested in glucose and soil extract media. ß
Introduction
Aluminum (Al) becomes more soluble as acidity increases and is often the major toxic element in acidic soil and water [1, 2] . Some mechanisms have been proposed for the Al toxicity to animals and plants [3, 4] as well as the Al tolerance of plants [3] . Al^microorganism interactions have also attracted some attention [2,5^10] . High Al-tolerant microorganisms have been reported [9, 10] , but little has been known about their mechanisms for high Al tolerance. Here we report the isolation and characterization of several microorganisms growing in an acidic and Al-containing environment, and the fate of Al (including inorganic monomeric Al and total Al) during their growth in di¡erent media.
Materials and methods

Isolation and identi¢cation of microorganisms
The soil samples were collected from acidic tea ¢elds in Kyoto prefecture, Japan. A commercially available nutrient broth (Eiken Chem. Co., Japan) was used for screening the acid-and Al-tolerant microorganisms. The pH of the medium was adjusted to 3.5 by HCl. Aluminum chloride hexahydrate (AlCl 3 W6H 2 O) was ¢lter-sterilized and added to a ¢nal concentration of 15 mM into the autoclaved nutrient broth. Cultivation was carried out at 30³C for 3^10 days until apparent microbial growth was observed. Acid-and Al-tolerant microorganisms were isolated by enrichment culture techniques. The identi¢cation of isolated microorganisms was done by NCIMB Japan Co.
Culture conditions
Two kinds of media (GM and S-LB) were used to investigate the e¡ects of Al on the isolated microorganisms. GM medium was composed of glucose, 1.0%; peptone, 0.05%; yeast extract, 0.02%, and MgSO 4 W7H 2 O, 0.02% ; with the pH adjusted to 3.5 by HCl. S-LB medium was composed of NaCl, 1.0%; peptone, 0.05%; yeast extract, 0.02% in 1.0 l of soil extract; with the pH adjusted to 3.5 by HCl. The soil extract was prepared as follows : 100 g of neutral soil, collected from a ¢eld at the Research Institute for Bioresources, Okayama University, Kurashiki, Japan, was suspended in 1.0 l of distilled water and stirred for 40 min. The supernatant was collected by centrifuging at 8000 rpm for 20 min and then ¢ltered using a membrane ¢lter of 0.45-Wm pore size. The total Al and PO 4 -P in the soil extract were 6.6 and 6.3 WM, respectively. The media were dispensed in 100 ml amounts into 500-ml £asks and autoclaved at 121³C for 20 min. Al was aseptically added as described above. Spores collected from one fourth division of a 9-cm plate was inoculated into 100 ml medium and incubated at 30³C for 12 h with shaking as seed culture. One ml of seed culture was inoculated into each £ask. The £asks were cultivated as main culture at 30³C for 7 days with shaking ; GM or S-LB media were incubated under the same conditions and used as blanks.
Analyses
The culture supernatant was obtained by centrifuging at 12 000 rpm for 10 min. Inorganic monomeric Al was measured by the pyrocatechol violet method [11] . Total Al was measured by an atomic absorption spectrophotometer (Hitachi Z-8200, Japan). Analyses were carried out in duplicate.
Results
Isolation and identi¢cation
Screening of Al-tolerant microorganisms was done at pH 3.5, because the toxicity of inorganic monomeric Al was exerted below pH 4.0. The growth of most of the microorganisms was almost completely inhibited by 12 mM inorganic monomeric Al. The enumeration of Altolerant microorganisms showed that far higher numbers of acid-and Al-tolerant microorganisms were isolated from the tea ¢eld (pH of soil, 3.3^3.9) than from ¢elds of wheat, barley, rice or vegetables (pH of soil, 6.0^6.2).
Eleven strains of acid-and Al-tolerant microorganisms were isolated and puri¢ed. Among them, six strains were selected and subjected to identi¢cation. Y-6 and Y-2a were yeasts and identi¢ed as Cryptococcus humicola and Rhodotorula glutinis, respectively. F-6b, F-8b, F-13 and F-15 were fungi and identi¢ed as Aspergillus £avus Link, Penicillium sp., Penicillium janthinellum Biourge and Trichoderma asperellum, respectively. They were used for further characterization of Al tolerance. Medium used: GM, at pH 3.0. Shaking at 30³C and for 168 h. Growth: ++++, very good; +++, good; ++, fair; + little; 3, no growth; Nt, not tested. 
Al tolerance
All the isolates showed a very high tolerance to Al. Al added to a medium (pH 3.0) existed as inorganic monomeric Al (100%). These isolates could grow in the presence of 100 mM Al at pH 3.0. P. janthinellum F-13, T. asperellum F-15 and C. humicola Y-6 grew even on a GM medium including 200 mM Al at pH 3.0 (Table 1) . T. asperellum F-15 grew better than P. janthinellum F-13 and C. humicola Y-6 in the presence of 200 mM Al at pH 3.0. Thus, these fungi were tolerant to 100^200 mM inorganic monomeric Al, which is very toxic to living organisms.
Acid tolerance
The isolated fungi and yeasts grew in a wide pH range of 2.5^7.0. P. janthinellum F-13 and T. asperellum F-15 showed good growth even at pH 2.2 ( Table 2) . No e¡ect of Al was detected at 10 mM in a range of pH 2.2^3.5, except that the growth of R. glutinis was slightly inhibited below pH 2.7.
The fate of Al in di¡erent media
When grown in both GM and S-LB media the acid-and Al-tolerant microorganisms seemed to behave di¡erently in regards to Al (Table 3) . When grown in GM medium containing 1 mM Al, the pH of the spent medium decreased from the initial pH 3.5 to pH 2.3^3.0. The residual inorganic monomeric Al was decreased in the spent media of P. janthinellum F-13, Penicillium sp. F-8b and A. £avus F6b, but other strains showed no decrease in inorganic monomeric Al and no decrease in total Al was observed in any of the strains. Contrary to pH decrease in GM medium, a pH increase was observed in S-LB medium containing 1 mM Al. In fungal cultures, the pH increased from the initial pH 3.5 to around pH 7.0 and total Al was completely removed from the spent medium by precipitation after 7 days. In yeast cultures, the pH of the spent medium increased to around pH 5.0, and 31.4 to 76.1% of total Al was left in the spent media after 7 days.
These di¡erent behaviors in the two media were con¢rmed by culturing P. janthinellum F-13, and following The cultures were grown in GM and S-LB media (initial pH of 3.5) which included 1 mM inorganic monomeric Al at 30³C for 168 h with shaking. The uninoculated media were shaken as blanks as described above. Almost all inorganic monomeric Al (mAl) or total Al (tAl) (more than 95%, respectively) in blanks remained after shaking. The residual Al in blank was designated as 100%. the changes in pH, inorganic monomeric Al and total Al during growth, as shown in Fig. 1 . In GM medium (pH 3.5) the pH began to decrease on day 1 and gradually dropped to around 2.3 ; inorganic monomeric Al rapidly decreased after day 1 and was almost completely removed in 3 days. However, total Al remained unchanged during growth. In S-LB medium (pH 3.5), the pH began to increase on day 1 and ¢nally reached a pH of around 7.0; the total Al gradually decreased and was completely removed from the spent medium in 3 days, when the pH was already above 6.0.
Discussion
Al has complicated physicochemical properties as it exists in several forms, such as inorganic monomeric ion (Al 3 , Al(OH) 2 and Al(OH)
2 ), polynuclear Al 13 and Al complexes with organic compounds, £uoride, sulfate and phosphate [12] . Among these forms, the inorganic monomeric Al is the form mainly related to the toxicity of Al [3, 7, 13] . The amount of inorganic monomeric Al, instead of total Al, is taken as a better indicator for Al toxicity [3, 11, 13] . As Al mainly exists as inorganic monomeric Al in aqueous solution at pH levels below 4.0, Al-tolerant microorganisms have to be acid-tolerant at the same time. Fungi and yeasts were isolated as acid-and Al-tolerant microorganisms, but no bacterium was isolated in our tests. The enumeration of acid-and Al-tolerant microorganisms in acidic soils by Kanazawa et al. [9] also indicated that fungi accounted for most of the highly Alresistant microorganisms. This is reasonable because fungi and yeasts are generally more tolerant to acidity than bacteria [1] .
Kanazawa et al. [9] identi¢ed eight species of fungi isolates from acidic soil which were tolerant to 100 mM Al on agar plates. On the other hand, Konishi et al. [10] isolated an Al-tolerant bacterium, Flavobacterium sp., which was tolerant to 2000 mg/l Al (about 74 mM). Phosphate and other nutrients such as beef and yeast extract were included in their media, and agar plates were used to examine the tolerance of isolates to Al [9, 10] . These substances were known to counteract inorganic monomeric Al and eventually to decrease the toxicity of inorganic monomeric Al [7, 14] . Even in the GM medium used in this study a small amount of yeast extract (0.2 g/l) and peptone (0.5 g/l) were included, but their e¡ects were negligible, because almost all amounts of Al (100% at pH 3.0 and over 95% at pH 3.5) existed as inorganic monomeric Al, as described in Section 3.2 and Table 3 . T. asperellum F-15 and P. janthinellum F-13 grew in the GM medium at pH 2.2 which included 200 mM inorganic monomeric Al.
Penicillium, Aspergillus and Trichoderma are among the most popular genera in soil [15] . This may be of ecological importance. It has been known that some species of Penicillium and Aspergillus can produce organic acids. Therefore, these fungi might detoxify Al by forming complexes of Al and organic acids just as found in plants [3, 16] . As most bacteria cannot grow in acidic environment, fungi might play more important roles in acidi¢ed soil.
It is well known that the tolerance of plants to Al is related to the secretion of organic acids, which chelate inorganic monomeric Al [3, 16] . The secretion of exopolysaccharides was suggested for Rhizobium meliloti [17] . The growth of the acid-and Al-tolerant microorganisms in GM medium resulted in a pH decrease. This might indicate that some organic acids were produced and were involved in the detoxifying of inorganic monomeric Al in the GM medium. P. janthinellum F-13 quickly removed inorganic monomeric Al but T. asperellum did not remove inorganic monomeric Al at all. These results indicate that these two fungi used di¡erent strategies to protect themselves from inorganic monomeric Al toxicity. The changes induced by Al stress and the mechanisms of Al tolerance in GM medium remain to be studied. In S-LB medium no carbon source was added, which is closer to the natural environment. The growth of acid-and Al-tolerant microorganisms in S-LB medium was poorer than in GM medium, but the pH increased rapidly in S-LB medium. As the increase in pH neutralized inorganic monomeric Al to Al(OH) 3 , total Al was precipitated resulting in its removal from the spent medium. Thus, fungi and yeasts seemed to have a variety of Al-tolerance mechanisms.
